Measurements are reported on the mechanical properties of high-aspect-ratio micromechanical structures formed using a conventional 0.5-µm CMOS process. Composite structures are etched out of the CMOS dielectric, aluminum, and gate-polysilicon thin films using a post-CMOS CHF 3 :O 2 reactive-ion etch and followed by a SF 6 :O 2 silicon etch for release. Microstructures have a height of 5 µm and beam widths and gaps down to 1.2 µm. Properties are strongly dependent on the relative metal and dielectric content of the beams. Beams with three metal conductors and polysilicon have an effective Young's modulus of 62 GPa, residual stress of -29 MPa, and an average out-of-plane radius of curvature of 1.9 mm. Maximum Young's modulus variation is 3 GPa die-todie, and is 9 GPa between two runs. Die-to-die variation of stress and stress gradient is poor for many beam compositions, however local matching on a die is very good. Cracking is induced in a resonant fatigue structure at 620 MPa of repetitive stress after over 50 million cycles.
INTRODUCTION
Building microelectromechanical systems (MEMS) in conventional CMOS processes has many potential advantages. Integration of high-performance electronics with microstructures involves only incremental processing after the CMOS is completed, thereby enabling a shift in research focus from processing details to the design of complex systems with multiple sensors and actuators on a single chip. The base CMOS fabrication is inexpensive, fast, reliable, and available from external foundries.
Several kinds of CMOS MEMS processing have been developed to meet a variety of application needs [2] [3] [4] . A common process uses stacked vias in the CMOS followed by a wet silicon undercut etch to create thermomechanical structures [5] . Microstructures are made from combinations of oxide, aluminum, and polysilicon thin films. The metallization and dielectric layers serve a dual function as electrical interconnect and structural material. The gate polysilicon is often used in thermal heater resistors, piezoresistive sensors, and thermopiles. General mechanical and thermal properties of CMOS-MEMS have been reported [6] [7] .
High-aspect-ratio CMOS-MEMS are created by placing the critical structural sidewall etching step after completion of the CMOS, thereby decoupling issues involving the microstructural sidewall geometry from the CMOS process [1] . Beams of widths from 1.2 µm to 15 µm can be released with gap spacings down to 1.2 µm. The availability of narrow beam widths and gaps provides increased design flexibility. The process is a potentially attractive alternative to polysilicon micromachining for manufacture of resonant sensors, accelerometers, and vibratory-rate gyroscopes. However, a current bottleneck in successful design is the lack of characterization data on the material properties of the micromechanical structures.
In this paper, we present the first set of mechanical property data for high-aspect-ratio CMOS microstructures. Experimental measurements of effective Young's modulus, residual stress and vertical stress gradient showing die-to-die and run-to-run variations are presented. An initial test of durability is performed on a resonating fatigue structure which demonstrates the effects of cyclic stress on composite micromechanical structures.
FABRICATION
Structures are made using the Hewlett-Packard 0.5 µm three-metal n-well CMOS process available through the MOS Implementation Service (MOSIS). The microstructure is defined after completion of the CMOS processing by two reactive-ion etching (RIE) steps, as illustrated in Figure 1 , using a Plasma-Therm 790 Etcher. First, a CHF 3 /O 2 anisotropic etch of the dielectric layers defines the structural sidewalls (Figure 1(b) ). The top metal interconnection layer is used as an etch-resistant mask for the microstructure definition. Next, a nearly isotropic SF 6 /O 2 etch undercuts the silicon substrate and releases the structure (Figure 1(c) ). The scanning electron micrograph (SEM) in Figure 1(d) is of a released composite beam with three metal conductors and polysilicon. The three metal layers from top to bottom are abbreviated m3, m2, and m1. At most fourteen different composite structures can be made by using different combinations of the embedded metal layers and polysilicon.
The dielectric etch settings are critical and require a compromise between reasonable etch rate, structural profile, loss of critical dimension, polymer generalization, and survival of electrical via connections. By conducting a Box-Behnken [8] 3-factor design to analyze the effects of pressure, power and different gas flow ratio, a suitable processing recipe for dielectric etching was obtained. The process settings are gas flows of 22.5 sccm CHF 3 and 16.0 sccm O 2 , pressure of 125 mTorr, and power of 100 W. From our observation, this processing recipe is not very sensitive to the composition of the dielectrics (e.g., etch rates are similar for the intermetal oxide and field oxide). The statistical analysis for the etch rate on MOSIS N7BH-AV and N79V-AQ runs is 424 /min over 48 dice with a standard deviation of ±6%. The etch rate of silicon is under characterization, with initial vertical-to-lateral Si etch rates of 1.5:1 to 2.5:1. Fourteen different kinds of composite beams were measured. Each cantilever was 2.1 µm wide and 90 µm long in layout. The actual dimensions of the beam cross-sections were measured from scanning electron micrographs. Table I summarizes the effective Young's modulus calculated from three dice from the MOSIS N78H-AV run. Resonance measurements have a ± 500 Hz uncertainty. The volume ratio of dielectric to metal in the right column illustrates that effective Young's modulus tends to increase when structures contain more dielectric than metal. Table II lists the effective Young's modulus of five composite beams from three dice on the MOSIS N6CJ-AY run, and the average result from the N78H-AV run for comparison. Both die-to-die and run-to-run variation of Young's modulus are within ± 8%, and within ± 3% for m3-m2-m1-poly beams.
Residual Stress and Vertical Stress Gradient
Residual stress is measured using bent-beam strain sensors [9] , as shown in Figure 2 (a). Rel- Residual stress of seven composite test structures was analyzed by finite element modeling (FEM) using MEMCAD [10] . Stress was introduced in the model as using the standard technique of applying an equivalent temperature change, ∆ T , and equivalent thermal expansion coefficient, α. Table III summarizes the results of residual stress from dice of N78Q-AH, N79V-AQ, and N78H-AV runs. Similar to the observations of effective Young's modulus, residual stress tends to increase when structures have increasing dielectric content. Beams containing all four conductors have relatively low compressive stress and variation of 20%.
Curling of the structural material arises from the residual vertical stress gradient in the composite structures. Figure 2(b) shows the uniform curl of several identical beams on one die. Table IV summarizes the measured out-of-plane radius of curvature of various 100 µm long, 2.1 µm wide composite beams from dice of N78Q-AH, N79V-AQ, and N78H-AV runs. The composite materials often exhibit substantial variation in stress gradient from die to die and run to run.
Cyclic Fatigue
Cyclic fatigue of the CMOS microstructures was investigated by using a modified fatigue structure obtained from Failure Analysis Associates, Inc. [11] , as shown in Figure 3(a) . Stress concentration induced by cyclic motion near the notch at the base of the structure gives rise to the fatigue crack growth, and causes the failure of the structure.
Resonance frequency of the structure was first measured at 13.1 kHz with a spectrum analyzer, as shown in Figure 3 (b) . The lower peak shown is an out-of-plane mode excited from pull-down forces generated by the upward curling comb-finger electrodes. A durability test was done by driv- ing the structure at 40 V a.c. while biased at 55 V d.c., obtaining a maximum deflection of 10 ± 1 µm measured at the free end of the structure. Failure of the notch was observed after 72 minutes and over 45 million cycles. Figure 4 (a) shows the change in resonance frequency with respect to the experienced cycles. Scanning electron micrographs of the notch taken before and after the excitation are shown in Figure 4 (b) and (c). The maximum stress value near the notch of 620 ± 60 MPa was obtained by finite element analysis using the measured end deflection of 10 µm.
CONCLUSION
Post-etching parameters of high-aspect-ratio CMOS-MEMS structures have been investigated through a factorial experiment analysis to enable consistent fabrication of microstructures. Material property measurements provide critical information for design of laterally actuated CMOS-MEMS. Effective Young's modulus varies within 8% and residual stress varies within 20% between runs, which enables designers to avoid buckling from compressive stress and to make consistent working devices. Vertical stress gradient is much more sensitive to both foundry and post- 
